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Introduction
Although separate sexes are very common in mobile animals, dioecy is quite rare in plants. Only 6%-10% of angio-sperms are dioecious (Renner and Ricklefs 1995) . This rarity may reflect demographic costs associated with dioecy (Bawa 1980) : when a large proportion of the population are males, population growth is reduced-all else being equal-relative to when all individuals produce seeds. Having fewer seedproducing individuals is thus expected to constitute a substantial fitness disadvantage (Queenborough et al. 2007; Vamosi et al. 2007 Vamosi et al. , 2008 . Nonetheless, dioecy has evolved independently at least 100 times (Charlesworth 2002; Barrett 2010) and is represented among almost half of angiosperm families (Renner and Ricklefs 1995) . It follows that in order to coexist with hermaphroditic species, dioecious species must have compensatory fitness advantages (Bawa 1980; Heilbuth et al. 2001) . Although increased genetic variation and decreased inbreeding depression may partly explain the benefits, it is difficult to explain dioecy simply as a mechanism favoring outbreeding given that most hermaphroditic species also have efficient outbreeding mechanisms (Bawa 1974; Renner and Ricklefs 1995; Freeman et al. 1997 ). Identification of the benefits of dioecy and quantification of how dioecious species compensate for the costs is therefore an intriguing and long-standing challenge in ecology (e.g., Darwin 1877; Opler and Bawa 1978; Armstrong and Irvine 1989; Renner and Ricklefs 1995; Freeman et al. 1997; Vamosi 2008; Queenborough et al. 2009 ). Different compensating mechanisms have been proposed. Dioecious species may be able to invest more in reproduction, growth, and/or survival because they produce only staminate or pistillate flowers (Bawa 1980; Queenborough et al. 2007 Queenborough et al. , 2009 Vamosi et al. 2008) . Reproductive investment focused on one flower type may enable increased seed production, an earlier age of reproduction, more frequent reproduction, and/or production of better-quality seeds, leading to higher seedling establishment or survival (Heilbuth et al. 2001; Queenborough et al. 2009 ). However, the two studies that have compared these vital rates between dioecious and nondioecious species have found little evidence that females in dioecious species benefit from the absence of costs associated with the production of staminate flowers (Vamosi et al. 2008; Queenborough et al. 2009) .
A challenge in making such comparisons between dioecious and nondioecious species is that species invariably differ in other traits as well-traits that may also influence interspecific variation in vital rates. For example, seed production is closely related to seed mass (Moles et al. 2004; Muller-Landau et al. 2008) , and growth and mortality rates vary with wood density and adult stature (Muller-Landau 2004; Kraft et al. 2010) . Functional traits like seed mass, wood density, and maximum size vary widely among tropical tree species and explain significant variation in vital rates (Poorter et al. 2008; Wright et al. 2010; Visser et al. 2016b) . Proper estimation of demographic effects of breeding systems in particular thus requires controlling for the effects of interspecific variation in these other traits.
A complete picture of the benefits and costs of dioecy also requires integrating effects across the entire life cycle, something no previous study has done. A life cycle analysis is critical for two reasons. First, different life stages contribute differently to population growth. For this reason, the size of effects on individual vital rates provides limited insight into effects on population growth (de Kroon et al. 1986; Ehrlén 2003) . Second, breeding system affects multiple fitness components; benefits in one life stage may be offset by costs in other life stages (Visser et al. 2016b ). Simple comparisons of single vital rates between breeding systems, without considering correlations and trade-offs, cannot demonstrate differences in population growth rates. Hence, we do not know how dioecious plant species survive in a cosexual world.
Here we perform an analysis that encompasses the entire life cycle to evaluate the fitness consequences of dioecy versus hermaphroditism for trees from the tropical moist forests of Barro Colorado Island (BCI), Panama. We take advantage of the relatively high occurrence of dioecy in tropical forests (21% of species on BCI [Croat 1978 ] and 16%-28% elsewhere [Opler and Bawa 1978; Zapata and Arroyo 1978; Bawa 1980] ) and the demographic data available for many BCI tree species Foster 1983, 1992; Wright et al. 2005b; Muller-Landau et al. 2008; Comita et al. 2010 ) and add individual data on fruiting or flowering probabilities for 23 hermaphroditic and 17 dioecious species and on sex for eight dioecious species. We model vital rates as a function of individual size and four species traits: breeding system, seed mass, wood density, and adult stature (Poorter et al. 2008; Wright et al. 2010; Visser et al. 2016b) . We use the resulting vital rate functions to construct a "composite" integral projection model (IPM) as a function of trait values (including breeding system) rather than separate IPMs for each species. Our composite approach quantifies the effects of breeding system across a tree community while controlling for interspecific demographic variation related to other functional traits. We evaluate six hypotheses concerning possible benefits associated with dioecy, all premised on reallocation of resources consumed by male and female function in hermaphrodites (Heilbuth et al. 2001; Barot and Gignoux 2004; Vamosi et al. 2008; Queenborough et al. 2009 ). Dioecious females might allocate more resources to seed production than do hermaphrodites, leading to (1) increased seed production and/or higher quality seeds characterized by (2) greater seedling establishment, (3) higher seedling survival, and/or (4) higher seedling growth rates. Dioecious males and females might both allocate more resources to their own maintenance than do hermaphrodites, leading to greater (5) adult survival and/or (6) adult growth rates. We use vital rate functions to evaluate each of these six hypotheses individually. We then use the composite to evaluate how each vital rate difference individually and all vital rate differences simultaneously affect intrinsic population growth rates.
Methods

Model Framework
Species vary not only in breeding system (the focus of this study) but also in other traits that influence population dynamics, and variation due to other traits may dilute or mask the demographic effects of breeding system. For instance, plant breeding system is hypothesized to affect crop size (Queenborough et al. 2009 ), but this effect will be modest compared with the much larger effect of seed mass, a major determinant of crop size (Moles and Westoby 2006; Muller-Landau et al. 2008) . When comparing a random dioecious species with a random hermaphroditic species, the effect of the difference in breeding system cannot be distinguished from the effects of differences in other traits. We therefore used a community approach with as many species as possible while including important species traits in the analyses to isolate the role played by breeding system. Moreover, plant traits have opposing effects across the life cycle, and robust ecological inference therefore requires integration of the net effect through population models (Visser et al. 2016b) . To do so, we built a composite IPM to integrate the effects of breeding system across the life cycle while simultaneously controlling for the effects of three other key traits. This enabled a clear focus on one particular aspect of lifehistory strategies: breeding system.
We begin by explaining the structure of the composite IPM and vital rate functions. The vital rate functions incorporate three functional traits (seed mass, wood density, and adult stature; see, e.g., Visser et al. 2016a ) and breeding system. Second, we explain our statistical approach for fitting the vital rates through model averaging and provide an overview of the study site and data used. Finally, we explain the cost-benefit analysis of dioecy. Here, we project the intrinsic growth rate, a measure of population fitness (Charlesworth 1980; Caswell 2001; Metcalf and Pavard 2007) , of a hermaphrodite species at fixed trait values. We then systematically exchange hermaphroditic vital rate functions for dioecious vital rate functions. The resulting differences in intrinsic growth rate measure the population-level cost or benefit of dioecy while controlling for the effects of other traits. We then repeated this for different trait values to explore the possibility that dioecy might be favored over some subset of seed mass, wood density, or adult stature values.
Composite IPM
IPMs describe population dynamics in discrete time, with continuous functions that relate vital rates (survival, growth, reproduction) to continuous state variables (Easterling et al. 2000; Ellner and Rees 2006) , here size and traits. We constructed a two-stage composite IPM across a wide range of species in which all vital rates were functions of both individual size and species-specific trait values z. Here, z is an array that contains trait values for seed mass (SM), wood density (WD), adult stature (D max ), breeding system (B; DIO or HERMA), and female proportion (set at 1 for hermaphrodites, where all individuals produce seeds). We chose a single-sex model rather than separately modeling males and females of dioecious species, as no data on mating and pollination rates for the community exist. These processes could play a different role in dioecious than hermaphroditic species. However, by directly looking at the seed production offemales, the net outcome of these processes can be examined without the need for explicitly modeling these unobserved rates.
The two-stage composite IPM consisted of a seedling and tree stage, with height (mm) and diameter breast height (DBH; mm) as continuous state variables, respectively. Seedling height ranged up to a species-specific C seedling , and tree DBH ranged between 10 mm and a species-specific C tree . C seedling is defined as the estimated height at which stems reach a DBH of 10 mm, and C tree is defined as the maximum DBH (D max ). The time step was annual (year t to year t 1 1).
The two-stage IPM consisted of four kernels that describe all size-dependent transitions within and between the two stages ( fig. 1 ). All four kernels included multiple underlying vital rate functions, as explained below (eqq.
[3]-[6]). The IPM can be written using two equations that are the addition of two kernels that describe transitions between sizes and stages. The first describes how the number of seedlings of various sizes in year t 1 1 is a function of contributions by seedlings (through survival) and trees (through reproduction) of the previous year:
Here P seedling (u, q, z) describes the survival and growth of seedlings with size q to size u, S t (q, z) describes the size distribution of seedlings in year t, and F(u, x, z) describes the arrival of new seedlings with size u based on the size distribution of trees in year t (T t (x, z); eqq.
[3], [4]).
The second equation describes the contributions to the number of trees of various sizes at time t 1 1:
Here P tree (y, x, z) describes the growth and survival of trees with size x to size y, and P new tree (y, q, z) describes the transition from seedlings to trees (eqq.
[5], [6]).
To enable computation of theasymptoticpopulation growth rate (l), we discretized the composite IPM into a matrix of 800 # 800 size classes (200 seedling height and 600 tree DBH classes). l is then calculated as the dominant eigenvalue of the matrix. Our size class resolution resulted in robust esti- mates of population growth rates (l) with any increase in dimensions having a negligible effect on l (!0.00001). The phenomenon of "eviction"-when individuals near the size boundaries are predicted to grow outside the range (Williams et al. 2012 )-was avoided by adding the probabilities of growing smaller or larger than the boundaries to the outer size classes. Size class widths in height and diameter are species specific, depending on C seedling and C tree , respectively, and are calculated as C seedling =200 for seedlings and C tree =600 for trees. At average trait values, this results in widths of 12 mm for height and 0.25 mm for DBH.
Underlying Vital Rate Functions
The four kernels that form the composite IPM (eqq.
[1], [2]) are constructed with multiple trait-dependent vital rate functions. The reproduction kernel gives the expected production of seedlings of sizes u at time t 1 1 by a tree of size x at time t:
where p female is the probability of being female (i.e., proportion females), p repr is the probability of being reproductive, f seeds is the expected seed production of an individual reproductive female tree, p establishment is the probability of seedling establishment, and f dist is the offspring size distribution, giving the probability of a new recruit having initial height u.
The seedling kernel represents survival and growth of seedlings with height q at time t that remain seedlings with height u at time t 1 1:
Note that the P seedling kernel includes new sizes only up to the height C seedling . Surviving seedlings that grow larger than C seedling are represented in the P new tree kernel, which represents transitions of seedlings with height q at time t to trees with diameter y at time t 1 1. This P new tree kernel is a function of seedling survival and growth and of the function for converting tree DBH to seedling heights (u p h(y)). This conversion is needed to properly integrate over the DBH classes and thus translate the output of the seedling growth function from height to DBH:
where h(y) is the inverse of the function g(u) for converting seedling heights to tree diameters (table 1) . Finally, the tree kernel represents transitions of trees with a DBH of x at time t to a DBH of y at time t 1 1 and is a function of tree survival (p tree survival ) and tree growth (p tree growth ): P tree (y, x, z) p p tree survival (x, z) ⋅ p tree growth (y, x, z): ð6Þ
Functional Traits
The composite IPM is a function of three key functional traits (Visser et al. 2016b )-seed mass, wood density, and adult stature-in addition to breeding system and female proportion. Seed mass (SM; g) is the dry mass of the embryo and endosperm only. Wood density (WD; g/cm 3 ) is ovendried mass divided by fresh volume (technically, woodspecific gravity). We averaged values for mass dried at 607 and at 1007C. Maximum diameter (D max ; mm), henceforth referred to as maximum size, is a proxy for adult stature that correlates well with measured maximum heights (r p 0:93, on a log-log scale). Preliminary analyses also included specific leaf area, but it explained minimal variation in vital rates and was therefore dropped (Visser et al. 2016b ). Wright et al. (2010) describe detailed methods and provide values for SM, WD, maximum height, and specific leaf area. To facilitate comparison among effect sizes, we normalized SM, WD, and D max (by subtracting the mean and dividing by 1 SD) using all species in the databases (see below), with SM and D max log transformed prior to normalization. Breeding system (B) is hermaphroditic (HERMA) or dioecious (DIO) and is obtained from Croat (1978) . We excluded monoecious and polygamous species, which comprised 8% and 4% of tree species at BCI, respectively.
We used data for 123 species. For each vital rate we included varying subsets of species depending on data requirements and availability at each life stage (table 1; appendix, available online). This allowed us to maximize power by using all available data at each vital rate and life stage to test for the effect of breeding system while accounting for interspecific variation associated with traits. To ensure that estimated effects of breeding system were not biased by different trait or size distributions between breeding systems, we compared the distributions of WD, SM, D max , and individual size between breeding systems for each vital rate (suppl. sec. S1; supplement is available online).
Statistical Fitting of Vital Rate Functions
For each vital rate function, we fit multiple models, one for each possible combination of traits and, where relevant, trait-size interactions, and then applied model averaging over these models (weighted by the Akaike information criterion [AIC]) to calculate average parameters (Burnham and Anderson 2002) . Model averaging is considered more robust for inference and prediction than simply using the single best model because models with a fit similar to the best model are not ignored (Burnham and Anderson 2002; Whittingham et al. 2006; Bolker et al. 2009 ). On the condition that model assumptions are met (e.g., no multicollinearity or nonlinearities; Cade 2015), model averaging provides a more robust basis for inference and prediction, reducing bias in 
where b(z) p 2 1:363 
where k(z) p 2:122 
Seedling survival: 1100 individuals in seedling data set (Comita et al. 2007 )
Mixed-effects logistic regression models including species and individual as random effects (j 2 species p 0.477; j 2 tag p 4.073 · 10 211 ) Details in appendix section A1.5
where w(q, z) p 1:505 
Seedling growth: 1100 individuals in seedling data set (Comita et al. 2007 )
Mixed-effects models including species and individual as random effects (j 2 species p 1.415 · 10 3 ; j 2 tag p 4.545 · 10 3 ) Species-specific variation (normally distributed) in growth was estimated and related to traits across species using general linear models Details in appendix section A1.5 
Tree growth: 1100 individuals in tree data set Excluding stems marked as "resprout," "buttressed," "dead," "leaning,"
and the estimation of effect sizes, especially in cases where multiple variables influence the response variable (Grueber et al. 2011) . Our normalized traits were only weakly correlated (r 2 SM,WD p 0:026; r 2 SM,Dmax p 0:021; r 2 WD,Dmax p 0:0019), and the statistical approach was also vigorously tested by Visser et al. (2016a) , who, using the same vital rates and trait data, found no issues with nonlinearity, heteroscedasticity, nature of the random effect structure, and lack of random slopesissues that can potentially impact effect sizes and robustness of conclusions. Parameters were averaged over all models, using the zero method. This means that when a variable is not in a model, the parameter is assigned the value 0. This is a conservative approach, leading to lower effect sizes (Burnham and Anderson 2002) . Standard errors were calculated for all parameters of the weighted model, following Buckland et al. (1997) . Analyses were performed with the lme4 package in R (Bates et al. 2013; R Core Team 2016) .
The following three trait-dependent functions involved parameters calculated at the population level for each species: seed production ( f seeds ), seedling establishment (p establishment ), and the shape and scale parameters of initial seedling size distributions ( f dist ; detailed methods are provided in app. secs. A1.1-A1.3; estimates for f seeds and p establishment are provided in suppl. secs. S2 and S3, respectively). For each of these species-level parameters, we used generalized linear models to fit all 16 possible models involving additive combinations of traits, with the most complex model being
The six remaining trait-dependent functions involve parameters calculated at the individual level using all species simultaneously: reproductive status (p repr ), seedling survival (p sdl survival ), seedling growth (p sdl growth ), tree survival (p tree survival ), tree growth (p tree growth ), and the relation between seedling DBH and height (g). For these functions, we included effects of individual size (seedling height or tree DBH), species traits, and interactions between size and traits (details in app. secs. A1.4-A1.7). We log transformed initial sizes in tree growth models. We used linear mixed-effects models with species and individual as random effects to fit models for all 82 possible combinations of traits and trait-size interactions, with the most complex model being
We additionally tested how well our model-averaged traitbased models captured interspecific variation by comparing trait-based model results with species-specific fits for each species individually and calculating R 2 values across species (suppl. sec. S4). We also tested whether the trait-based modelaveraging approach was capable of capturing the well-known growth-survival trade-off (Wright et al. 2010; suppl. sec. S5).
To test whether sex affected tree growth and whether sex ratios changed with size, we also fitted species-specific vital rate models for eight dioecious species for which we collected new data on individual reproduction status (see below). Tree growth was fitted as a linear model as a function of log-transformed DBH, with sex as a factor influencing both slope and intercept. We tested for size dependency in sex ratios using logistic regressions of sex as a function of DBH. Finally, we fitted the probability of reproduction as a function of tree size (DBH) using logistic regression for each focal dioecious species.
Study Site and Species
Demographic data were collected in a moist tropical forest in the 50-ha forest dynamics plot (FDP) on BCI. BCI is a 1,562-ha island in central Panama. Annual rainfall averages 2,600 mm, and there is a pronounced dry season between January and April (Leigh 1999 ). More information on BCI and associated data sets can be found in Croat (1978) , Condit et al. (1999) , and Leigh (1999) .
Tree, Seed, and Seedling Censuses
All free-standing woody stems (hereafter, "trees") larger than 1 cm in DBH (measured at 1.3 m in height) were measured, tagged, mapped, and identified to species -1982 , 1985 -2010 Condit 1998) . Data are deposited in the Smithsonian DSpace Repository: http:// dx.doi.org/10.5479/data.bci.20130603 (Condit et al. 2012) . We excluded data from the first two censuses in analyses of tree growth and survival due to small but important differences in measurement methods (Condit 1998) .
Fruit and seeds were identified to species in weekly censuses of two hundred 0.5-m 2 seed traps starting in January 1987 (details in Wright et al. 2005b) . Fifty additional seed traps were established in newly formed canopy gaps between 2002 (Puerta-Piñero et al. 2013 . We use seed data from all 250 traps and inverse modeling (details in app. sec. A1.1) to estimate seed production for 2008 through 2012, which corresponds to our reproductive tree censuses (see "Reproductive Status Censuses"). Seed data are deposited in the Smithsonian DSpace Repository: http://dx .doi.org/10.5479/10088/29572 (Wright and Calderón 2016) .
Seedlings and new recruits were tagged and identified to species in annual censuses of six hundred 1-m 2 plots starting in 1994 (details in Wright et al. 2005b ). Our recruit size distributions and seed-to-seedling establishment probabilities are based on seedling recruits from 1995 through 2011 (Wright and Hernández 2016) and seed production for corresponding fruiting years (after accounting for speciesspecific germination delays; Wright et al. 2015b ).
ð8Þ
All free-standing woody plants ≥20 cm tall and !1 cm in DBH were tagged, measured for height, and identified to species in annual censuses of twenty thousand 1-m 2 seedling plots starting in 2001 (details in Comita et al. 2007; Visser et al. 2016a ). Data are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.fm654 (Visser et al. 2016b ). We estimated seedling survival and growth and the allometric relationship between seedling height and DBH using the 2001, 2002, 2003, and 2004 censuses. In 2002, the status (alive or dead) of previously tagged seedlings was recorded, but height was measured only for newly recruited seedlings.
Reproductive Status Censuses
We combined three censuses of the reproductive status of individual trees. Data are available in the Smithsonian DSpace Repository: http://dx.doi.org/10.5479/si.data.2015 11251100 (Wright et al. 2015a ). Between January 1995 and January 1996, we censused all individuals of 15 species in the FDP and subsampled 16 species (Wright et al. 2005a ). Between April 2011 and January 2013, we subsampled 73 additional species. Between March and June 2012, we censused all individuals of eight dioecious species (Alchornea costaricensis, Triplaris cumingiana, Virola sebifera, Pouteria reticulata, Protium tenuifolium, Cecropia insignis, Cecropia obtusofolia, and Simarouba amara). For species that were subsampled, trees were initially selected randomly from among those larger than estimated reproductive DBH thresholds and visited while flowering or fruiting. If trees of the estimated threshold size were reproductive, the minimum DBH threshold was lowered further. Reproductive status was evaluated from the ground, using binoculars where necessary, and was scored on a 5-point scale (details in Wright et al. 2005a ). For dioecious species, sex expression was determined by viewing flowers in the crown using binoculars or examining abscised flowers on the ground. Flowering trees for which sex could not be determined were revisited during the fruiting season.
Evaluating the Population-Level Effects of Dioecy
We used the composite IPM to quantify the effects of dioecy on intrinsic population growth rates, r (ln(l)). We calculated r for a hermaphroditic species with average trait values (normalized SM, WD, and D max set to 0) and compared it to r for a dioecious species with the same trait values assuming p female p 0:5 (incorporating dioecy effects on all vital rates; table 1). The difference between these two intrinsic growth rates (Δr) measures the net demographic effect of dioecy at average trait values. (For similar life cycle analyses, see Metcalf and Pavard 2007 and Visser et al. 2011.) For both breeding systems and for average trait values, we calculated the proportional sensitivity (elasticity) of these population growth rates to small perturbations in the stageand size-dependent vital rate functions using standard methods (de Kroon et al. 1986; Easterling et al. 2000) . We also calculated per capita population growth rates for every trait combination observed among the BCI tree species included in our analyses and compared population growth rates between dioecious species and hermaphrodites.
We further used the composite IPM to separate the contributions of dioecy effects associated with different vital rates. To isolate the costs of having male individuals that do not produce seeds from any other differences in vital rates associated with dioecy, we calculated r for a species with p female p 0:5 and all other vital rates equal to mean values observed for hermaphrodites. The change in intrinsic growth rate (Δr) relative to a species with p female p 1 measures the demographic cost of simply halving the proportion of seed-producing individuals. To further explore how the demographic cost of males depends on sex ratio, we calculated Δr with p female equal to the observed sex ratios of the eight focal dioecious species (table 2). Note that here we assume that a change in sex ratio does not change pollination dynamics, which may be frequency dependent.
We then used the breeding system coefficients shown in table 1 to change the value of one vital rate at a time, keeping all other rates at the hermaphroditic level, to the value observed for dioecious species with average trait values and recalculated Δr relative to a hermaphroditic species with the same trait values. The difference between these two intrinsic growth rates quantifies the demographic impact (cost or benefit) of dioecy on this vital rate alone at average trait values.
We evaluated the robustness of these cost-benefit analyses given uncertainty in breeding system coefficients (intercept and, where relevant, slope). For each vital rate separately, we varied predictions up to 1 SD away from their mean, constructed a new IPM, and recalculated Dr. To quantify uncertainty in the net effect, we sampled breeding system effects in all vital rates simultaneously. Coefficients were sampled from normal distributions with means and standard deviations estimated from model fits. We performed 100 resamples to calculate standard deviations for Dr.
To evaluate the extent to which costs and benefits of dioecy vary with trait values, we repeated the cost-benefit analysis for trait values up to 1 SD away from the mean for each trait separately. Finally, we calculated the sensitivity of r for changes in SM, WD, and D max (details in suppl. sec. S6).
aging was done over all included models and that parameter values that are given below are weighted parameters over all models.
Sex Ratios and Reproductive Probability
The proportion of female individuals averaged 0.46 among the eight dioecious species with sex expression data (table 2) . Triplaris cumingiana had the strongest female bias (0.57), and Virola sebifera had the strongest male bias (0.33). We found no consistent pattern of size dependency of sex ratios, with three species showing a negative relationship between DBH and proportion females and one species showing a positive relationship (suppl. sec. S8). Reproductive probability increased significantly with DBH for all eight species (table 2) .
The trait-based probability of reproduction (p repr (x, z)) was unaffected by breeding system (fig. 2a ). The best model did not include breeding system, and the total weight of models including breeding system was 0.32. The average model predicted a difference of just 1 mm in the DBH at which reproductive probability reached 50% for hermaphroditic and dioecious species, and the narrow confidence intervals for relevant parameters included 0 (see fig. 2a , eq. [8] in table 1, and table S7.2; supplemental tables are available online). Observed species-specific values were well predicted by the average model ( fig. S4.1 ; supplemental figures are available online; R 2 p 0:49 using only fixed effects).
Seed Production and Dispersal
Seed production ( f seeds (x, z)) was significantly larger for dioecious than hermaphroditic species, supporting the first hypothesis for compensatory benefits of dioecy ( figs. 2b, 3a) . The summed weight of all models including breeding system was 0.75, and dioecious species had higher seed produc-tion in the average model (effect DIO: 0:67 5 0:26 SE; eq.
[10] in table 1; table S7.4). The estimated effect in the average model implies that female individuals of dioecious species produce 95% more seeds per unit of reproductive basal area than hermaphrodites when controlling for seed mass and other species traits (calculated as e 0.67 ; see eqq.
[9], [10] in table 1). The average model included a strong negative effect of seed mass (21:47 5 0:12 SE), a weak negative effect of D max (20:649 5 0:20 SE), and a weaker (insignificant) positive effect of WD (0:075 5 0:075 SE) on seed production. Species-level variation was well explained by the average model (R 2 p 0:77; fig. 3a ). There were no consistent differences in seed dispersal distances between hermaphrodite and dioecious species (suppl. sec. S2).
Seedling Establishment, Growth, and Survival
For seedling establishment (p establishment (z)), the total weight of models including breeding system was 0.38, and the full average model explained species-level variation relatively well (R 2 p 0:62; fig. 3b ). The estimated seed-to-seedling transition probability was 3.73% for hermaphroditic species and 3.27% for dioecious species at average trait values (eq. [11] in table 1; table S7.10), thereby predicting 12% lower seedling establishment in dioecious than in hermaphroditic species (calculated as 1 2 3:27=3:73). However, the confidence interval for the dioecy effect included 0 (effect DIO: 20:13 5 0:12 SE).
For seedling growth (p sdl growth (q, u, z)), the total weight of models including breeding system was 0.92. Both uncertainty ( fig. 2d ) and variation in species and individual random effects were large (tables 1, S7.12). The average model (using fixed effects only) predicted greater seedling growth rates for hermaphroditic than dioecious species over all Note: All individuals in the 50-ha plot larger than the listed species-specific minimum diameter breast height (DBH) thresholds were visited. The proportion female is given with binomial confidence intervals. Logistic regressions were used to estimate the relation between DBH and species-specific reproductive probability (combining males and females). Estimated coefficients (51 SE) are given; larger trees are significantly more likely to be reproductive in all species. seedling sizes ( fig. 2d ), although the wide confidence intervals for the dioecy effect include 0 (effect DIO: 21:72 5 8:26 SE). Only a small proportion of observed interspecific variation was explained by the average model ( fig. S4.3 , R 2 p 0:08 using only fixed effects).
For seedling survival (p sdl survival (q, z)), the total weight of models including breeding system was 0.38. The average model (using fixed effects only) predicted very similar seedling survival for hermaphroditic and dioecious species, and the narrow confidence intervals for the dioecy effect included 0 (see fig. 2c ; table S7.14). The average model predicted observed species-level values reasonably well ( fig. S4.2 ; R 2 p 0:29 using only fixed effects).
Tree Growth and Survival
For tree growth (p tree growth (y, x, z)), the total weight of models including breeding system was 0.50. The average model (us-ing fixed effects only) predicted observed species-level values well ( fig. S4 .5; R 2 p 0:53). The average model predicted greater tree growth rates for dioecious than hermaphroditic species (effect DIO: 0:0285 5 0:030 SE), with the absolute growth advantage associated with dioecy increasing with size (effect DIO # log(size): 0:00797 5 0:00497 SE), but confidence intervals include 0 for both the additive effect of breeding system and the size # breeding system interaction ( fig. 2f ). The average model predicts annual DBH growth rates at 100 mm DBH of 0.95 and 1.02 mm per year for hermaphroditic and dioecious species, respectively (eq. [25] in table 1; table S7.20) .
For tree survival (p tree survival (x, z)), the total weight of models including breeding system was 1.00. The average model (using fixed effects only) predicted observed specieslevel values reasonably well ( fig. S4.4 ; R 2 p 0:29). The average model predicted a decreased intercept for dioecious species (effect DIO: 20:0596 5 0:142 SE) and an increased , and maximum size (D max ), with uncertainty in the dioecy effect (gray shading shows 51 SD), as calculated from the trait-dependent models fitted to combined data for many tropical tree species (table 1) . In a, b, e, and f, sizes range between diameter breast height (DBH) of 10 and 158 mm, the maximum DBH for an average species (D max set to 0). C seedling equals 2,420 mm in height for an average species and is the seedling height at which a seedling is predicted to have a DBH of 10 mm and enter the tree stage. slope (effect DIO # log(size): 0:00116 5 0:000140 SE); note that the confidence interval for the effect of dioecy on the intercept effect easily overlaps 0, while the narrow confidence interval on the slope does not come close to overlapping 0 ( fig. 2e ). This indicates that for species with average D max , trees do not reach the sizes at which dioecy provides a demographic benefit ( fig. 2e ). For average trait values, the model predicted annual survival probabilities at 100 mm DBH of 0.963 and 0.965 for hermaphroditic and dioecious species, respectively (eqq. [22], [23] in table 1;  table S7 .22). However, differences in estimated survival become more pronounced at larger sizes. When D max is set at 1, predicted yearly survival probability of a tree with a DBH of 400 mm is 0.976 for a hermaphroditic species, while it is 0.984 for a dioecious species.
When we included the sex of individuals as a factor in species-specific growth models, we found no consistent patterns across species and individually significant effects in only two species: Alchornea costaricensis had a decreased slope in males, while Pouteria reticulata had an increased slope in males (suppl. sec. S9).
Population-Level Effects of Dioecy
For average trait values, intrinsic growth rate r (ln(l)) based on the composite IPM was 0.0176 per year for hermaphrodites, compared with 0.0179 per year for dioecious species with 50% males. Population growth rates l were 1.0179 and 1.0180, respectively, suggesting annual increases of 1.78% for hermaphrodite and 1.80% for dioecious species. Elasticity values were largest for tree stages P tree (y, x, z) (HERMA: 0.69; DIO: 0.66), intermediate for seedling stages P seedling (u, q, z) and P new tree (y, q, z) (HERMA: 0.31; DIO: 0.33), and very small for reproduction F(u, x, z) (HERMA: 0.01; DIO: 0.009). When constructing IPMs using combinations of trait values (WD, SM, and D max , B) observed for real species occurring on BCI, 95% of the simulated intrinsic growth rates ranged between 20.029 and 0.032 for hermaphrodites and between 20.0082 and 0.022 for dioecious species, indicating fairly stable populations overall.
When the effects of dioecy on individual vital rates were evaluated at average trait values for SM, WD, and D max , we found that the largest cost of dioecy was the presence of non-seed-producing individuals (males) in the population ( fig. 4a ; gray circles indicate effects for average trait values). All else equal, having 50% males decreased the intrinsic growth rate r by 0.00652, translating to a shift from a 1.78% annual increase to a 1.11% annual increase. Smaller costs were found when adding the dioecious-specific decrease in seedling establishment and seedling growth (decreasing r by 0.00125 and 0.00037, respectively). The largest benefit associated with dioecy was increased seed production in dioecious females compared with hermaphrodites, This content downloaded from 131.174.248.154 on July 28, 2017 05:21:42 AM resulting in an increase of 0.00699 in r. The second largest benefit associated with dioecy concerned tree growth, resulting in an increase of 0.00151 in r. Total estimated benefits compensate for total estimated costs in the model parameterized for dioecious species with a sex ratio of 50% (total Dr p 0:0000321, which represents a shift from 11.78% to 11.80% annual population growth). Sex ratio had the predictable effect of inflating costs with increasing male bias; for observed sex ratios, Dr ranged between 20.00526 (57% females) and 20.010 (33% females; gray dots in upper row in fig. 4a ).
When integrating uncertainty in breeding system effects in the IPMs, we found that many effects on the population growth rate included 0 within 1 SD ( fig. 4a ). Indeed, the sole effects that were significantly different from 0 were the presence of males and the enhanced seed production in females. When incorporating uncertainty in dioecious parameters across all vital rates, the net effect on a population level included 0 within 1 SD (bottom row in fig. 4a ).
The estimated effects of dioecy on population growth rates differed systematically with functional traits in many cases ( fig. 4b ; suppl. sec. S6). The overall effects of dioecy varied most strongly with maximum adult stature (D max ). Larger stature was associated with lower costs for having males, lower benefits in seed production, higher benefits in tree survival, lower benefits in seedling transition, and more positive overall net effects. Individual demographic costs and benefits also varied to a lesser degree with seed mass (SM) and wood density (WD), but net effects were little affected. Higher values of SM and WD were associated with lower costs for males and lower benefits in seed production.
Discussion
Our study provides the most complete quantification to date of the various demographic costs and benefits of dioecy relative to hermaphroditism, based on 20 years of demographic data on the BCI tree community. Our evaluation with a composite IPM that accounted for the effects of three other key life-history traits suggested that, on average, the demographic benefits offset the costs when integrated over all life stages, as one might expect based on the continued persistence of dioecious species. We show that there are both benefits and costs at different life stages, with strikingly different elasticities. Benefits or costs at a single stage were not indicative of total population-level effects, illustrating the importance of full life cycle analyses. In our populationlevel analyses, the main cost associated with dioecy was the reduced number of seed-producing trees, and the largest benefit was the greater seed production of dioecious females. Our best estimates of dioecy effects suggest that dioecious species benefit from increased seed production (sup-porting hypothesis 1) and, to a lesser extent, tree growth and survival (supporting hypotheses 5 and 6) but do not benefit from increased seedling establishment, seedling growth, or seed survival (contrary to hypotheses 2-4). Interestingly, costs and benefits were estimated to vary considerably depending on other species traits, with large-statured species in particular estimated to have more positive net effects of dioecy ( fig. 4b ).
Despite the large data sets brought to bear here, there remained considerable uncertainty in all estimated effects of dioecy (figs. 2, 4a). We interpret this as reflecting not only the inherent noisiness of demographic data but also the fundamentally small size of the effects of dioecy on population growth rates in comparison with other factors. On both a population and a vital rate level, the demographic effects of breeding system were relatively small compared with the effects of SM, WD, and D max ( fig. S6 .1 and coefficients in table 1). Moreover, a substantial proportion of vital rate variance was captured by the random effects for species (suppl. sec. S7), indicating an important role for other unmeasured traits and trait-environment interactions (see also Visser et al. 2016a) . This is consistent with the idea that factors influencing reproduction should have a relatively small impact on long-lived organisms (Visser et al. 2011) , an issue discussed further below.
Variation in Sex Ratios
For six of eight dioecious species, we observed more reproductive males than females, which is in accordance with the general finding of male-biased populations in dioecious tropical forest trees (Opler and Bawa 1978; Queenborough et al. 2007 ). However, this male bias was statistically significant in only one species, Virola sebifera (116 males; 58 females), which belongs to a genus and family (Myristicaceae) previously shown to contain male-biased species (Queenborough et al. 2007) . Triplaris cumingiana was found to be female-biased (although not significantly), in accordance with studies of a congener, Triplaris americana (Bawa 1977; Melampy and Howe 1977) . We found no consistent patterns in the size dependency of sex ratios across these eight species (suppl. sec. S8), in agreement with Queenborough et al. (2007) .
Seed Production
Dioecious species are hypothesized to produce more seeds per female than do hermaphroditic species because they do not invest in male flowers (Heilbuth et al. 2001; Barot and Gignoux 2004; Vamosi et al. 2008) . Consistent with this hypotheses, females in gynodioecious species, which have both females and hermaphrodites (Bawa and Beach 1981) , produce up to 70% more seeds than do hermaphrodites (Ashman 1994 (Ashman , 1999 Asikainen and Mutikainen 2003; Spigler and Ashman 2012) . However, evaluation of this hypothesis for purely dioecious species is more difficult. Ours is the first study to compare seed production of dioecious and hermaphroditicspecieswhilecorrectingforthewell-knowntradeoff between seed number and seed mass (Moles et al. 2004; Muller-Landau et al. 2008) .
Our results suggest that dioecious species indeed benefit from higher seed production. Dioecious females produced on average 95% more seeds than did hermaphrodites, after controlling for seed size. On a population level, this increase is almost enough to fully compensate the loss of seeds due to the presence of males. Confidence intervals for this increased seed production were quite large, with 95% confidence intervals encompassing increases of 16% to 228%. Despite this uncertainty, increased seed production remained a confirmed benefit at the population level after integrating all effects and uncertainty ( fig. 4a ). Overall, our seed production estimates fall in the same range as previous estimates for these species, estimates that incorporated data for more years but did not benefit from information on which trees were female (Muller-Landau et al. 2008) .
Seedling Phase
Even a doubling of the number of seeds produced per female might be insufficient to compensate for the full costs of dioecy due to increased local competition or increased attack by density-dependent natural enemies, such as pathogens and insect herbivores (Heilbuth et al. 2001; Barot and Gignoux 2004) . Increased local competition and natural enemy attack is predicted among seedlings of dioecious species because they are expected to be more aggregated in space around females, and aggregation leads to decreased seedling performance (Harms et al. 2000; Comita et al. 2014; Lebrija-Trejos et al. 2014) . Dioecious species, through increased seed production per mother tree, are therefore expected to have a "seed-shadow handicap" that limits the benefit of increased local seed production (Heilbuth et al. 2001; Barot and Gignoux 2004) . It has been hypothesized that dioecious species might thus allocate for increased seed dispersal (Heilbuth et al. 2001 ), but we found no consistent differences in dispersal distances between dioecious and hermaphroditic species (suppl. sec. S2). Consistent with the seed shadow handicap hypothesis, our average model estimates of dioecy effects on seedling establishment, growth, and survival are negative, but these effects are highly uncertain and not significantly different from 0 (table 2; figs. 2d, 3b). The low elasticity for these vital rates meant that estimated population level costs were, in any case, small ( fig. 4a ). Note that elasticity values may be sensitive to sex ratio (Haridas et al. 2014 ), something we could not evaluate with a single-sex model.
Tree Phase
Dioecious species had greater growth and survival in the tree phase, and the advantage over hermaphroditic species increased with individual size ( fig. 2e, 2f ) . Greater growth and survival in dioecious species is expected if resource allocation to reproduction is reduced because individuals produce only one type of reproductive organ (Bawa 1980) . Therefore, an increase in growth and survival should occur only after trees start reproducing. This suggests that any breeding system effects in terms of increased tree growth and survival are visible only at large tree sizes, which is supported by our results, as reflected by the increased slope ( fig. 2e, 2f ) . As a result of this benefit becoming more pronounced at larger sizes, the cost-benefit analysis found a strong survival benefit for dioecy for tree species whose maximum adult size was considerably above the average (DBH of 158 mm), despite the lack of such a benefit for species of average or below-average size (fig. 4b ).
The estimated effects of dioecy on tree growth and survival were highly uncertain ( fig. 2e, 2f ). One possible cause of this uncertainty could be sex-specific effects of individuals. It seems unlikely that dioecious females could increase seed production and simultaneously increase tree growth and/or survival. One hypothesis to explain these findings is that the increased seed production may be a female effect, while the increased growth and survival could be largely a male effect. However, we found no consistent sex differences in growth (suppl. sec. S9). This is in agreement with Queenborough et al. (2007) , who found no significant sex effects on annual diameter growth in 12 tropical tree species in Ecuador. Tests of the hypothesis remain inconclusive, as we could not account for potential spatial segregation of the sexes, which has been found in some previous studies (Cox 1981; Bierzychudek and Eckhart 1988; Queenborough et al. 2007; Forero-Montaña et al. 2010; Ortiz-Pulido and Pavon 2010) . When males occur more frequently in less suitable habitats, sex-specific survival and growth benefits may be obscured.
Balance of Costs and Benefits
Our population models project that the intrinsic population growth rate of an average hermaphroditic species is 0.0176 per year, compared with 0.0178 for a dioecious species with the same trait values and a 50% sex ratio. This suggests that the combined demographic costs are compensated by fitness advantages in other aspects of the life history of dioecious species, although there is considerable uncertainty in estimates of individual vital rate and total effects (figs. 2-4). After integrating breeding system effects across the full life cycle, increased seed production was the most important and only significant compensating factor (fig. 4a ).
The presence of males was the strongest cost of dioecy. For average trait values, our population-level cost-benefit analysis shows that the presence of males, when the sex ratio was 50%, reduced the intrinsic growth rate r by 0.00652. It is generally assumed that dioecy as a breeding system comes with demographic costs, and intuitively this makes sense. Our results show not only that the increased seed production compensates for these costs but also that the inherent costs are low to begin with. This is because for longlived organisms such as trees, we expect low l elasticities for factors involving reproduction (de Kroon et al. 2000) , as was also shown for reproductive strategies such as mast fruiting in tropical trees (Visser et al. 2011) .
At global and regional scales, the proportion of species that are dioecious within plant communities varies greatly but tends to be higher in tropical than in temperate forests (Vamosi and Queenborough 2010) . Multisite studies that similarly quantify the costs and benefits of breeding systems at the population level would help explain this wide variation in the success of the dioecious breeding system. In conclusion, our results support the hypotheses that the advantages of dioecy include increased seed production by females and, to a lesser extent, increased adult growth and adult survival. Together the benefits compensate for the costs of dioecy, which are found to be smaller than generally assumed because of the low elasticity of population growth rates to seed production in long-lived tree species.
